[1] Radar signals can penetrate loose sediments such as dust, sand, and alluvium to reveal buried geologic structures obscured in visible and infrared images. In anticipation of data from instruments such as the MARSIS and SHARAD radar sounders and potential future imaging SAR and rover-mounted GPR instruments, measurements have been made to characterize electrical loss factors of a Martian dust analog and an iron-rich soil. This paper presents results from dielectric measurements of Carbondale Red Clay (CRC) and the palagonitic Mars JSC-1 soil simulant from 0.2 to 1.3 GHz and from transmission measurements of radar penetration of CRC up to 12 GHz. Attenuations predicted from dielectric measurements are compared to values measured in the experiment and are discussed relative to the frequencies at which imaging radars operate. Over the frequencies considered, loss tangent, tan d, decreases with increasing frequency, but attenuation increases due to the influence of wavelength. Attenuation in CRC ranges from 8 to 22 dB/m over P and L bands and jumps to 36 and 67 dB/m at C and X bands, respectively. Mars JSC-1 has lower attenuation of 5 dB/m at P band and $12 dB/m at L band. Compared to attenuation measurements of sand, both CRC and Mars JSC-1 cause significantly greater attenuation, likely due to their compositions containing iron-bearing minerals. Because Martian fine sediments also contain ferric mineral components, constraining higher losses of analogs for Martian dust and fine sediments is important for predicting the performance of radar instruments operating in orbit or on the surface of Mars.
Introduction
[2] Visible and thermal infrared imaging data of Mars have thus far provided information about only the top $0.5 cm of the Martian surface. Widespread aeolian deposits reflect the current and past wind regimes on Mars [e.g., McCauley et al., 1972; Cutts and Smith, 1973; Greeley et al., 1992; Malin and Edgett, 2001 ], but they also obscure structures that hold information about the geologic history of Mars. The Mars Advanced Radar for Subsurface and Ionosphere Sounding (MARSIS) and Shallow Radar (SHARAD) orbital radar sounders and potential orbital synthetic aperture radar (SAR) and rover-mounted ground penetrating radar (GPR) instruments operate at frequencies that penetrate sand and dust and could provide information about obscured structures. Specifically, SAR data could provide a global map of the surface of Mars at microwave frequencies [e.g., Thompson et al., 2000; Campbell et al., 2001; Paillou et al., 2001 ] that would be complementary to previous and current Mars imaging data sets.
[3] SAR has been a useful remote sensing tool for geologic investigations on Earth and Venus [e.g., Schaber et al., 1986; Greeley et al., 1995; Campbell et al., 1997] . Orbital SAR images (Figure 1 ) revealed ancient river channels in Egypt that are now covered by windblown sand [e.g., McCauley et al., 1982] . L band (l = 25 cm) radar from the SIR-A instrument penetrated several meters of sand to the bedrock surface but was absorbed by thicker sand filling river channels. This resulted in dark dendritic patterns that reveal past fluvial activity (Figure 1 ). Because much of the Martian surface is obscured by windblown materials (Figure 2 ), radar missions have the potential to provide further information about the geologic and climatic history in those areas of Mars. However, it is important to understand radar signal losses due to aeolian materials expected on Mars in order to predict the amount of penetration expected at various radar frequencies.
[4] Results are presented here for dielectric measurements of Carbondale Red Clay (CRC) and the palagonitic Mars JSC-1 soil simulant from 0.2 to 1.3 GHz. These results are used to predict signal attenuation for P band (l = 68 cm) and L band frequencies. Results are also presented for a laboratory experiment in which the transmission of microwaves through CRC was measured at C and X bands. The measured transmission was related to attenuation at those bands. The measured losses and calculated attenuations are discussed relative to frequency and the potential for radar at P band through X band to penetrate loose surface materials such as dust and sand to reveal obscured geologic features on Mars.
Background

Subsurface Imaging
[5] Field research in areas where orbital SAR resulted in subsurface imaging began with studies in the Sahara where SIR-A L band radar penetrated windblown sands [McCauley et al., 1982] . These images added greatly to understanding the climatic history of the area by revealing ancient river channels. Subsequent studies have extended to China, Saudi Arabia, and the U.S. Southwest where radar subsurface imaging also occurred [Blom et al., 1984; Elachi et al., 1984; Berlin et al., 1986; Farr et al., 1986; Guo et al., 1986; Schaber et al., 1986; Davis et al., 1993] .
[6] More recently, studies using SIR-C/X-SAR and AIR-SAR data have compared the abilities of different frequency and polarization combinations to discriminate buried geologic features [Dabbagh et al., 1997; Schaber et al., 1997; Lancaster et al., 2000] . Studying multifrequency data led Schaber and Breed [1999] to note the need for further laboratory and field studies of radar penetration of loose sediments at various frequencies. Williams and Greeley [2001] quantified the decrease in radar signal strength as a function of frequency and soil moisture as radar signals were transmitted through sand (particles >60 microns in diameter). While confirming that low-frequency signals experience very little attenuation as they pass through dry sand, the experiment also showed that intermediate and higher frequencies experience sufficiently low signal attenuation that they might also be considered for radar missions to Mars.
Mars Radar
[7] Radar instruments operating at Mars will complement and supplement compositional and geomorphic information about the Martian surface being returned from visible and infrared instruments [e.g., Christensen et al., 2001 Christensen et al., , 2003 Malin and Edgett, 2001] . Radar sounders such as MARSIS on Mars Express [Safaeinili et al., 2001] and SHARAD on the 2005 Mars Reconnaissance Orbiter [Seu et al., 2003] operate at frequencies expected to penetrate hundreds of meters to several kilometers to detect subsurface structure and to search for water. In addition to penetrating deeply, surface echoes from MARSIS and SHARAD could also return information about surficial geology obscured by aeolian deposits. Imaging radars discussed for Mars [e.g., Thompson et al., 2000; Campbell et al., 2001; Paillou et al., 2001] would operate at frequencies that will not penetrate consolidated rock and could be used to study surfaces now covered by dust or sand. A rover-mounted GPR would potentially penetrate rock to depths of 10s of meters [Grant et al., 2003] and would easily penetrate unconsolidated material while also providing structural information about aeolian deposits. In anticipation of Mars radar sounders, imaging radars, and surface GPRs, it is advantageous to measure the dielectric properties of Mars analog materials to predict signal losses from Martian surface materials.
Martian Dust
[8] In situ information about the composition of Martian dust (particles a few microns in diameter) comes from measurements performed at the Viking, Pathfinder, and Mars Exploration Rover landing sites. Chemical analyses performed by the XRFS instrument on the Viking landers and by the APXS on the Sojourner rover at Sagan Memorial Station suggested that Martian dust is composed of silicate particles with a ferric mineral component (possibly maghemite and/or magnetite) [Clark et al., 1982; Banin et al., 1992; Hviid et al., 1997; Rieder et al., 1997; Bell et al., 1998 ]. Early results from the Spirit and Opportunity rovers suggest that dust particles at those landing sites are very similar to dust measured at the Pathfinder site [Bell et al., 2004; Gellert et al., 2004; Hviid et al., 2004; Morris et al., 2004] . Because radar signal penetration is influenced by dielectric properties of the penetrated materials Capron, 1993, 1994] , measurements of those properties for Martian analog dust and other materials can help anticipate radar performance on Mars.
[9] Several previous laboratory studies have measured signal loss in analog Martian materials of various types. Some of the more recent studies used measurements of dielectric properties and simulations of radar propagation to discuss potential radar performance on Mars [e.g., Pettinelli et al., 2001; Heggy et al., 2003; Leuschen et al., 2003a Leuschen et al., , 2003b . On the basis of lander measurements, measurements of SNC meteorites, analogy with lunar samples, and Earth-based radar reflectivity data [Downs et al., 1973; Strangway, 1974, 1975; Olhoeft, 1989; Christensen and Moore, 1992; Heggy et al., 2001; Pettinelli et al., 2001; Leuschen et al., 2003b] , the dielectric constant for Martian materials was estimated at 2.5 to 9. However, a relatively high loss was measured in the imaginary part of the permittivity of some samples [Leuschen, 1999; Heggy et al., 2001; Pettinelli et al., 2001; Leuschen et al., 2003b] , suggesting that expected signal loss might be greater than that predicted from real permittivity measurements alone. This highlights the need to consider both aspects of permittivity to estimate signal loss.
[10] Because of the absence of in situ dielectric measurements of Martian surface material, previous selection of soil and dust analogs has been necessarily based on grain size, shape, and composition [e.g., White et al., 1997; Allen et al., 1998 ]. Studies trying to match composition have determined that montmorillonite, nontronite, palagonite, Carbondale Red Clay, and other materials may all be suitable simulants of Martian dust [Hunt et al., 1973; Toulmin et al., 1977; White et al., 1997] , and a palagonitic material collected from Mauna Kea, Hawaii (Mars JSC-1 soil simulant) is often used as an analog for Martian sediment [Allen et al., 1998 ]. While considering possibilities for a dust simulant for use in wind tunnel studies, White et al. [1997] determined that Carbondale Red Clay (CRC) was the most appropriate analog on the basis of its physical characteristics and composition. Following the analysis of White et al. [1997] , CRC was chosen as the dust analog for this study. CRC is a red pottery clay with main element components of $56% SiO 2 , 19% Al 2 O 3 , and 12% Fe 2 O 3 , and an average grain size of 2 mm. The CRC mainly consists of kaolinite contaminated with quartz, hematite, and chlorite [White et al., 1997] .
Dielectric Properties
Measurements
[11] Most previous studies of radar penetration of geologic materials have considered sand [e.g., Schaber et al., 1986; Mätzler, 1998; Williams and Greeley, 2001] , coarse alluvium (gravel, cobbles, etc.) [Farr et al., 1986] , or soil mixtures of sand, silt, and clay [e.g., Ulaby et al., 1986] . Hoekstra and Delaney [1974] measured the dielectric prop-erties of various soil materials (including clay) at different moisture levels, but the clay they used was not iron-rich as Martian dust is expected to be. Therefore the present state of understanding about the electrical properties of Martian analog materials can be expanded by further inclusion of dielectric measurements of appropriate analogs for Martian dust and fine sediment.
[12] In order to understand better the expected radar signal loss due to Mars dust, this study measured the dielectric properties of Carbondale Red Clay, and the dielectric properties of Mars JSC-1 were also measured for comparison to a coarser-grained Mars soil simulant. The complex permittivity was measured from 0.2 to 1.3 GHz at the Particulate Media Research Lab at Georgia Institute of Technology. Because the density of material can affect penetration of radar waves [e.g., Christensen and Moore, 1992; Campbell, 2002] , measurements were made for material loosely added to the sample container and for material that had been tamped to a greater density. The dielectric properties for CRC and Mars JSC-1 are shown in Figure 3 , and Table 1 lists the real (e 0 ) and imaginary (e 00 ) parts of the complex permittivity at P band and L band radar frequencies. Differences in dielectric values between loose and tamped samples were noticeable for CRC (Figure 3 ) but were small for Mars JSC-1 and are incorporated into the measurement errors for Mars JSC-1 in Table 1 .
Analysis
[13] To discuss how Martian dust might affect radar signals, measurements of dielectric values were used to calculate loss tangents (tan d = e 00 /e 0 ) and signal attenuations at P and L bands for the CRC and Mars JSC-1 materials (Table 1) . Signal attenuation in decibels per meter is calculated by
where free space wavelength, l o , is in meters [Von Hippel, 1954] .
[14] At P band, the attenuation in CRC ranges from 8 -15 dB/m, depending on the density, and the attenuation in Mars JSC-1 is 5.3 dB/m. At L band, Mars JSC-1 and the lower-density CRC have approximately the same attenuation at $12 dB/m, but the attenuation almost doubles to 22.4 dB/m for CRC at higher density.
[15] Both e 0 and e 00 decrease with increasing frequency from 0.2 to 1.3 GHz (Figure 3) , however the decrease in e 00 dominates the effect on tan d, causing tan d to also decrease over that frequency range. Although loss tangent decreases with increasing frequency, the attenuation increases from P band to L band (Table 1) because of the effect of decreasing l o in equation (1).
[16] Because sand deposits are also widespread on Mars, it is worthwhile to compare the values in Table 1 to dielectric properties of clean sand [Williams and Greeley, 2001, 2004] and sand and alluvium from Egypt (Table 2) . Although these materials might not be ideal analogs for Mars, they were extremely dry, as would be expected for Martian surface materials. The loss tangents and attenuations are lower for the dry sand than for CRC and Mars JSC-1. The higher losses associated with CRC and Mars JSC-1 are likely due to the iron content of those materials, whereas the sand has negligible amounts of iron. These differences illustrate the importance of considering appropriate analog compositions for Mars materials. This point is reinforced by the differences in properties between the #60 Silver Sand from California and the aeolian sand from Egypt (Table 2 ).
Microwave Transmission
Experimental Setup
[17] To address the issue of radar signal loss by dust at higher frequencies and through a different method, an experiment was performed to measure the change in transmitted microwave energy as a function of dust thickness using CRC as the Martian dust analog. The experiment was conducted in the Electromagnetic Anechoic Chamber at Arizona State University, where interference from the chamber itself is minimized [Birtcher, 1992] . The facility was designed for radar cross section measurements, but the radar emitters and receivers were arranged for vertical transmission measurements through a sample container (Figure 4) . The base of the sample container was made of plywood, and the sides were made of Plexiglas to allow observation of the sample level during addition of CRC. The radar emitter was supported above the sample container between supports on dense foam blocks and the receiver was positioned beneath the container. Radar-absorbing material was placed below the receiver to minimize reflections from the floor.
[18] During the experiment, 801 measurements were acquired over each of four, slightly overlapping frequency ranges from 0.5 to 12 GHz using three radar emitter/receiver sets. Following measurements of the transmitted signal through the empty sample container, measurements were repeated for dust thicknesses of 10, 20, 30, and 40 cm. CRC was added loosely to the sample container to simulate settling of dust from the atmosphere but it could have compacted slightly under its own weight. The CRC was dry with a volumetric moisture content less than 0.5 percent. On the basis of other measurements of dielectric properties for materials with increasing water content [e.g., Hoekstra and Delaney, 1974; Wang and Schmugge, 1980] , the dielectric properties of a material with small amounts of moisture do not vary greatly over the frequency range considered here, even for water contents up to 5%. Therefore it is expected that losses measured here are dominated by the effects of compositional properties, especially the effects of metal-bearing minerals.
Data Processing
[19] To consider the change in transmitted signal due to signal attenuation by the dust, raw data were normalized to the behavior of the empty sample container (Figure 5a ). Although there is minor scatter in the data above 6 GHz, data between 2 and 6 GHz display variations that are more pronounced for thicker dust. These variations may be the result of interference from the sample container and of the dust being thin relative to the radar wavelength. Recognizing that the experiment was not ideal for lower-frequency measurements, only data from $5.5 to 12 GHz are considered here. Those data were averaged to 21 data points to remove minor scatter, such as that caused by the plywood base.
[20] The averaged data were fit with linear curves to produce equations describing the change in signal as a function of frequency at each dust level (Figure 5b) , and those equations were used to calculate the detected signal at C and X bands for each dust level. These data were plotted as a function of dust thickness and fit with linear curves (Figure 6 ), which were forced to intersect the origin because no attenuation would be expected if no dust were present. The lines were also extrapolated to 1 m of dust to estimate signal attenuations (dB/m) at C and X bands (Table 3) .
Analysis
[21] As expected, signal attenuations measured at C and X bands are greater than for P and L bands calculated from dielectric properties. The variation with frequency is shown in Figure 7 where P and L band attenuations from Table 1 are shown as open symbols and values at C and X bands (Table 3) are shown as solid symbols. It is possible to fit curves through the data to describe the attenuation as a function of frequency with an equation, but variations due to density differences between the two experiments cannot be recovered. Instead, the trend of increasing attenuation with frequency can be qualitatively described as generally linear over the range from P band to X band. This is the range of imaging radars on Earth, and it is expected that a Mars SAR would operate at a frequency toward the lower end of that range (P or L band) to enable deeper penetration. Therefore a Mars SAR instrument could encounter a $5-20 dB/m of signal attenuation in areas covered by finegrained, metal-bearing material.
[22] In an effort to comment on tan d values at C and X bands, it is necessary to make assumptions about e 0 . If e 0 does not vary greatly with frequency for dry materials [Mätzler, 1998 ], data in Figure 3 can be used to define three possible values of e 0 (2.5, 3.0, and 3.5). Table 3 gives tan d values predicted by inserting these possible permittivities and C and X band attenuation values into equation (1). Derived values of e 00 are also given. Compared to values of tan d in Table 1, values shown in Table 3 are a further decrease with increasing frequency over the range studied here. [23] CRC used in the experiments (and even sand from the hyper-arid Sahara) contains more moisture than would be expected in Martian sediments. Therefore loss tangents and attenuations reported here are maximum values for comparable Martian materials because the surface of Mars should be sufficiently cold and dry to prevent loss due to dielectric relaxation of the water molecule. The laboratory used in this study could not operate below room temperature, but other studies will address material properties at temperatures below 0°C (M. Mellon, personal communication, 2004) .
Discussion
[24] Because the penetrating ability of a radar instrument depends on many factors including the signal to noise sensitivity of the receiving antenna, the most direct way to present the potential penetration of different materials is by discussing the ''skin depth'' (1/a = 8.686/attenuation), or the depth at which the signal power decreases to 1/e ($37%) of its incident strength. Table 4 lists skin depths calculated from the dielectric properties of CRC and Mars JSC-1. For comparison, skin depths are also listed for dry sand Williams and Greeley, 2004] . Skin depths for CRC and Mars JSC-1 are significantly less than those for both sands listed, likely due to the relatively high metal contents in both CRC and Mars JSC-1. The greater skin depth at L band than at P band for sand from Williams and Greeley [2004] is the result of attenuations at those frequency bands being generally the same in that study. Results in Table 4 suggest that, at P band, radar would penetrate CRC-like dust to a depth less than 10% of the depth penetrated in clean sand similar to the #60 Silver Sand used by Williams and Greeley [2004] . As noted above, the considerable difference between penetration of sand and metal-bearing dust reinforces the need to consider compositions of Martian analog materials and how they compare to compositions derived from in situ measurements at Mars.
[25] As noted by Schaber et al. [1985 Schaber et al. [ , 1986 , skin depth values can be misleading in discussions of penetration because radar signals have a two-way travel path through penetrated material. They therefore proposed using ''radar imaging depth'' (RID = skin depth/2) as a measure of the thickness of material through which an incident radar signal would decrease in strength by 1/e. This value is also discussed in the literature as ''penetration depth' ' [e.g., Campbell, 2002] . Although not listed here, penetration depths can be derived by halving the values in Table 4 . This gives values of 0.07 m at X band to 0.3-0.55 m at P band for CRC and 0.37 to 0.84 m from L to P band for Mars JSC-1.
[26] Although results of this study can be used to discuss the ability of radar to penetrate loose Martian sediments, it is noted that other factors also affect penetration. In fact, surface and volume scattering by surface and internal reflectors, respectively, can control whether a radar signal is able to reveal a buried surface. On the basis of orbital images (Figure 2) , there may be areas on Mars covered by a homogeneous, rock-free dust (or sand) layer. In those areas, results of this study can be used to get a first order constraint on the thickness of Martian materials (similar to CRC and Mars JSC-1) that could be penetrated by radar at imaging radar frequencies.
[27] In an effort to constrain the expected thickness of dust in the low-inertia regions on Mars, Christensen [1986] used thermal, radar, and visual data to study regional dust deposits. He estimated that Martian dust ranges from 0.1 to $2 m in thickness. On the basis of calculations of radar penetration depths in this study, a P band SAR could reveal surfaces buried by up to $0.5 m of dust if Martian dust is compositionally similar to CRC. L band could image through 0.2 -0.35 m of dust, and even C band could image through slightly more than 0.1 m of dust. If these estimates are appropriate for Mars, radar operating at C band or lower frequency could penetrate the thinnest covers of dust determined by Christensen [1986] , but even P band would not be able to penetrate the thickest deposits of 2 m to reveal obscured geology.
Conclusions
[28] The measurements of dielectric properties of Carbondale Red Clay and Mars JSC-1 soil simulant presented here are the first such measurements of these materials, and they complement other laboratory dielectric measurements [e.g., Leuschen, 1999; Heggy et al., 2001; Pettinelli et al., 2001] that also addressed the ability of radar to penetrate Martian surface materials. As illustrated by comparison of losses associated with CRC and Mars JSC-1 to losses from sand, it is important to consider various analogs that cover a range of possible compositional and physical characteristics of Martian materials.
[29] The relatively high losses observed in this study for metal-bearing, fine-grained materials suggest that radar operating at a frequency between P band and C band could penetrate thin (0.1 m) dust deposits on Mars. However, the radar penetration depth at P band for CRC is 0.3-0.55 m, less than the estimated maximum thickness of 2 m for dust on Mars [Christensen, 1986] . Therefore even the longest wavelength imaging radar would not penetrate the thickest estimated deposits of dust. In addition to the assumption that CRC is a good analog for Martian dust, these predictions also use the condition that a decrease in signal strength to less than $37% of the incident signal would not be detected. If an instrument could detect lower signals, then the radar penetration depths would be greater than those discussed here. The dielectric values from this study could be used to predict penetration depths for any limit of signal detection.
[30] Until in situ dielectric measurements can be made on Mars or samples are returned to Earth, continued measurements of analog materials will be needed. When possible, measurements at temperatures and pressures approaching Martian conditions will result in more appropriate estimates of signal loss. Also because Martian materials can have a magnetic component, measurements of magnetic permeability should be included in future studies when appropriate [e.g., Olhoeft, 1998] . A more complete characterization of the loss factors of analogs for Martian surface materials will lead to more accurate predictions of radar performance at Mars.
